The binding of EcoR1 to a 90-bp DNA duplex attached to colloidal microparticles and the subsequent cleavage by the enzyme was observed in real time and label-free with time-resolved second harmonic (SH) spectroscopy. This method provides a unique way to investigate biomolecular interactions based on its sensitivity to changes in structure and electrical charge on formation of a complex and subsequent dynamics. The binding of EcoR1 to the recognition sequence in DNA appears as a rapid increase in the SH signal, which is attributed to the enzyme-induced change in the DNA conformation, going from a rod-like to a bent shape. In the presence of the cofactor Mg 2 , the subsequent decay in the SH signal was monitored in real time as the following processes occurred: cleavage of DNA, dissociation of the enzyme from the DNA, and diffusion of the 74-bp fragment into the bulk solution leaving the 16-bp fragment attached to the microparticle. The observed decay was dependent on the concentration of Mg 2 , which functions as a cofactor and as an electrolyte. With SH spectroscopy the rehybridization dynamics between the rehybridized microparticle bound and free cleaved DNA fragments was observed in real time and label-free following the cleavage of DNA. Collectively, the experiments reported here establish SH spectroscopy as a powerful method to investigate equilibrium and time-dependent biological processes in a noninvasive and label-free way.
The binding of EcoR1 to a 90-bp DNA duplex attached to colloidal microparticles and the subsequent cleavage by the enzyme was observed in real time and label-free with time-resolved second harmonic (SH) spectroscopy. This method provides a unique way to investigate biomolecular interactions based on its sensitivity to changes in structure and electrical charge on formation of a complex and subsequent dynamics. The binding of EcoR1 to the recognition sequence in DNA appears as a rapid increase in the SH signal, which is attributed to the enzyme-induced change in the DNA conformation, going from a rod-like to a bent shape. In the presence of the cofactor Mg 2 , the subsequent decay in the SH signal was monitored in real time as the following processes occurred: cleavage of DNA, dissociation of the enzyme from the DNA, and diffusion of the 74-bp fragment into the bulk solution leaving the 16-bp fragment attached to the microparticle. The observed decay was dependent on the concentration of Mg 2 , which functions as a cofactor and as an electrolyte. With SH spectroscopy the rehybridization dynamics between the rehybridized microparticle bound and free cleaved DNA fragments was observed in real time and label-free following the cleavage of DNA. Collectively, the experiments reported here establish SH spectroscopy as a powerful method to investigate equilibrium and time-dependent biological processes in a noninvasive and label-free way.
cleavage kinetics | DNA-endonuclease | rehybridization kinetics | nonspecific binding T he highly selective binding of proteins to specific nucleotide sequences in DNA is an essential step in many biological processes, including gene regulation, gene expression, and DNA hybridization (1) . The family of type II restriction enzymes, which includes EcoR1, have been, and continue to be, of major importance in serving as model systems of protein-DNA interactions. The endonucleases, because of their capability to bind and cleave specific DNA sequences, also play a key role in DNA recombinant and cloning methods (1, 2) . The EcoR1-DNA equilibria and reaction dynamics have been probed extensively by a number of established methods, such as, but not limited to: FRET (3) (4) (5) , gel electrophoresis (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , surface plasmon resonance (16) , microfluidic trapping (17) , two-color cross-correlation spectroscopy (18) , and isothermal calorimetry (19) .
The essential characteristic of the method used here is the application of second harmonic (SH) spectroscopy to selectively probe the interface of a polystyrene carboxylate (PSC) microparticle, to which target DNA molecules have been attached. Significant effort and progress has been made in hybridizing artificial colloidal nano-and micromaterials with naturally occurring biological reagents to build self-assembled superstructured materials (20) (21) (22) (23) (24) (25) (26) , and to develop biologically coded probes for protein detection and disease treatment (27, 28) . The present work builds on these pioneering studies, and on studies of DNA supported on flat surfaces using SH and sum-frequency generation spectroscopies (29) (30) (31) . Using those spectroscopies, the electronic (29, 31) and vibrational (30, 31) spectra of DNA oligonucleotides at a solid/water interface were obtained. In addition, the kinetics of DNA hybridization and the equilibrium between ion-free and ion-bound DNA have been measured using the SH method (29, 31) .
Surface-sensitive nonlinear spectroscopies allow one to probe equilibrium properties and time-dependent changes in both the electrical charge of molecules and changes in the structure of molecules that are located at interfaces (29) (30) (31) (32) (33) (34) ). An attractive feature using DNA bound to the surface of a microparticle, which can react with free EcoR1 molecules in solution, is that the total surface area that can be irradiated and thereby interrogated is much larger than can be achieved using a planar surface. The larger surface area results in more surface-bound molecules, hence a stronger SH signal is generated. In addition, the total number of molecules that are bound to the microparticles can be readily changed without altering the surface density of the bound target molecules. A brief overview of second harmonic generation is given below.
Background: Second Harmonic Spectroscopy
The interaction of intense light at a frequency ω with interfacial chemical species can result in the generation of light at twice the frequency, 2ω, and is known as second harmonic generation. For reasons of symmetry, second-order spectroscopies, such as second harmonic and sum-frequency generation, only produce coherent signals in anisotropic environments such as those found at interfaces (32, 35) . The generation of the SH light can be described by a model in which the incident light induces a secondorder polarization, P ð2Þ 2ω , which is proportional to the square of the incident electromagnetic field, E ω , and radiates an electromagnetic field, E 2ω , at 2ω. It is expressed as,
where χ ð2Þ is the second-order susceptibility and contains all of the information regarding the interfacial species that are irradiated; it depends on the chemical identity, the electronic and vibrational states, the energies and transition dipole strengths, the number of each species irradiated, and molecular orientations at the interface, which can be used to probe equilibrium and time-dependent phenomena. The total SH intensity, I 2ω ðtotalÞ is the incoherent sum of the contributions made by the individual particles to the SH intensity, where I 2 ωðjÞ is proportional to the absolute square of the second harmonic electric field generated by the microparticle j, i.e., I 2ω ðjÞ ∼ jE 2ω ðjÞj 2 . If the interface is charged, as it is in the experiments described here, largely due to the attachment of DNA molecules to the microparticle surface, then there is an additional source of SH light due to the third-order polarization, P ð3Þ 2ω , of the interfacial species, which is a product of three electric fields given by, P ð3Þ 2ω ¼ χ ð3Þ E ω E ω E static ðrÞ; [3] where E static ðrÞ is the electric field, predominantly due to DNA, at a distance, r, from the microparticle that polarizes the surrounding molecules, and χ ð3Þ is the third-order susceptibility. It is because E static ðrÞ is a zero frequency electric field that the third-order polarization generates light at 2ω. It is primarily the water molecules that are polarized by the interfacial electric field established by the DNA that is attached to the microparticle surface and includes associated interfacial ions. To include the contributions to the third-order polarization, which include water molecules that are near and far from the microparticle, the static field is integrated over all space to give the interfacial electrostatic potential, Φ. The total SH field is thus given by
which simultaneously describes the interfacial chemistry and the electrostatic properties of the particle and surrounding molecules (33, 34) . Because DNA is highly charged at physiological pHs, having a charge of −1 per nucleotide, the result of coupling DNA to a microparticle substantially increases the microparticle surface charge density, which increases the interface static electric field and thereby the contribution of the third-order polarization to the SH signal. Dissociation of cleaved DNA produces a fragment free to diffuse into the bulk solution. The detachment of a 74-bp fragment from the microparticle surface upon reaction with EcoR1 reduces both the number of nucleotides and the charge at the interface, thus resulting in the decay of the SH signal as the reaction proceeds. Changes in the SH signal due to the interactions of DNA with EcoR1 can be directly monitored in situ. It is to be noted that the binding and cleavage was observed without the need for labeled reporter molecules or invasive detection methods. The time-dependent SH field is linearly proportional to the number density of molecules at the particle surface at high electrolyte concentrations because the contribution to the third-order polarization at high electrolyte concentrations can be neglected. At low electrolyte concentration the time-dependent SH signal is more complex, owing to the third-order polarization.
Experimental Details
The experimental apparatus used to measure the time-resolved SH signal is similar to those described in previous reports (34, 36) with the addition of a Princeton Instruments CCD camera. The fundamental laser frequency was centered at 810 nm with approximately 400 mW of average power and a pulse width of approximately 75 fs. There was no evidence of photo damage to the sample as was established in control experiments where the SH signal was observed to be static in time (SI Text).
The PSC-DNA bioconjugate particles were prepared in an analogous way to previous synthetic reports ( [24] [25] [26] ; a sketch of the resulting particles is given in Fig. 1 . Specifically, the biotin binding protein NeutrAvidin (NA) was covalently linked to the PSC surface (diameter ¼ 1.0 μm, Invitrogen) according to the procedure supplied by the manufacturer. The resulting PSC-NA solution had a concentration of 5.6 × 10 9 particles∕mL, which was suspended in water at pH ¼ 7.5. To this solution ds biotinylated-DNA (90 bp, Integrated DNA Technologies) containing the EcoR1 recognition sequence, which is 15 bp from the attachment to the microparticle, was added to a DNA concentration of 0.69 nM and incubated at 55°C for 1 h. As a control, an analogous DNA sample was prepared in an identical manner with the exception that the control DNA molecule had six base pairs that differed from the EcoR1 recognition sequence. The sequence of the recognition and control DNA is given in the legend of Fig. 1 . The final particle concentration used in the reactions is 9.3 × 10 7 PSC-DNA particles∕mL at pH ¼ 7.5. There was no evidence of bead-bead interactions, i.e., no aggregation at this low bead density. The final DNA concentration was 170 pM, leading to a stoichiometric ratio of approximately 1.1 × 10 3 DNA∕particle, which is a surface coverage of approximately 3.5 × 10 2 DNA∕μm 2 . The Na þ concentration in the sample was kept at 2 mM for all experiments except where noted (i.e., those where additional NaCl is added).
The restriction enzyme EcoR1 was purchased from New England Biolabs. The concentration of the enzyme used in the reaction was 17 pM. The concentration of MgSO 4 was systematically varied. The reaction kinetics were obtained from measurements of the SH signal versus time after EcoR1 was added. Negative times correspond to the SH signal prior to injection of EcoR1; t ¼ 0 is the time that the enzyme is added. The SH signals were integrated for 25 s. The kinetics traces shown are the result of averaging at least two individual experimental runs to improve signal-to-noise and to establish reproducibility.
Results and Discussion
EcoR1 cuts DNA at the recognition sequence between the G and A nucleotides (see legend for Fig. 1 ) to produce a 16-bp fragment that remains attached to the microparticle surface and a 74-bp fragment free to diffuse into the bulk solution. The reaction kinetics of the restriction enzyme with DNA are strongly dependent on the electrolyte concentration, the size and concentration of the DNA, the concentration of the enzyme, and the temperature at which the reaction is run (1, 4-18) .
Representative kinetic traces of the reaction of EcoR1 with the attached DNA at various Mg 2þ concentrations are shown in Fig. 2 for times spanning −750 s-4,500 s. A solid red line is plotted to guide the eye and represents the SH signal as a function of time; the average of the negative time SH signal (i.e., prereaction) is represented as a blue dashed line. The prereaction SH signal, was found to be strongly dependent on the Mg 2þ concentration, decreasing as the Mg 2þ concentration increased. This result is attributed to two factors, both of which reduce the SH signal. One is the binding of Mg 2þ to the DNA molecules at the interface, which reduces the interfacial charge and thus the interfacial potential, which correspondingly decreases the SH signal. Second, the free Mg 2þ in solution acts as an electrolyte that screens the electric field sensed by the bulk water molecules, which lowers the SH signal. Similar effects of counter ions on the SH signals from charged interfaces have been reported in previous experiments (29) (30) (31) (32) (33) (34) .
Binding of EcoR1 to DNA-Initial Jump in the SH Intensity. When EcoR1 was added to the reaction cell an abrupt jump in the SH signal was observed, followed by a slow decay over hundreds of seconds. To determine if the jump was due to the binding of EcoR1 to the DNA molecules and not to the surface of the microparticle, a control DNA was used. The control DNA is identical to the DNA that has the recognition sequence, except that the 6-bp EcoR1 recognition sequence has been altered. The control experiment did not show any jump in the SH signal when EcoR1 was added, nor did the amplitude of the SH signal change with time (SI Text). This observation indicates that EcoR1 does not induce a structural change to DNA, nor does it cleave DNA molecules that do not have the recognition sequence.
The jump in the SH signal is attributed to an EcoR1-induced conformational change in the DNA structure upon binding of the enzyme to the recognition sequence, which is known to induce a transition from a rod-like shape to a bent conformational state. The bending and unwinding of DNA, by approximately 25° (  37, 38) , results in changes of the orientations of the DNA bases relative to one another, which therefore changes the overall absorption strength of the interfacially bound DNA. It is the relative orientations of the bases that determine whether the transitiondipole-transition-dipole interbase interactions result in an increase or decrease in the absorption strength of DNA. It is known that dsDNA has a smaller absorption cross section, i.e., it is hypochromic, as compared to the absorption cross section of the individual nucleotides or ssDNA (39) . The bending and unwinding of DNA can decrease the parallel stacking of the transition moments and lead to an increased collinear component of the transition-dipole moments that results in a stronger optical absorption (39, 40) . In a similar way, the cancellation of the light induced nonlinear dipole moments of the individual bases can be reduced by conformational changes of DNA, which would increase the SH signal and is in accord with the SH measurements.
The third-order contribution to the SH must also be considered because upon bending, the electric field associated with the rod-like conformational state of DNA will change. The average static field from the DNA before EcoR1 is added is essentially symmetric about the DNA helical axis and thus the induced polarization of the unbound water molecules on opposite sides of the helical DNA axis would largely cancel. These molecules would therefore not contribute to the SH signal. However, at the tip of the DNA duplex there would be polarization of the water molecules extending into the bulk medium. Upon bending of DNA, the average static electric field is no longer radially symmetric with respect to the DNA helical axis; as a consequence there would be less cancellation of polarized water molecules, which would enhance the third-order polarization and thus result in an increase of the SH signal.
In addition to the effects of specific binding of EcoR1 on DNA conformational states it is noted that information on nonspecific binding is also provided by the SH control experiments. The SH measurements are consistent with the generally held view that the nonspecific binding of EcoR1 to DNA does not result in a distortion to the DNA conformation (1, 2) . Combining these facts with the control experimental result supports our attribution that the jump in the SH signal is due to the bending and unwinding of DNA induced by specific binding of EcoR1. Thus, neither the nonspecific binding of EcoR1 to locations other than the recognition site, which is known to occur (1, 2, 9, 13, 15), nor the subsequent lateral diffusion of the enzyme along the DNA strands to reach the recognition sequence, induce a conformational change to DNA that was observed in the SH experiments.
It is seen in Fig. 2 that the amplitude of the jump in the SH signal increased as the concentration of Mg 2þ increased. Because the SH jump occurs before a significant portion of DNA is cleaved, the Mg 2þ acts at early times as an electrolyte that screens the repulsive interactions between the neighboring phosphate groups (3, (41) (42) (43) . It thereby facilitates the binding of EcoR1 to DNA and allows for a more facile bending of DNA at the reaction site. Consequently, a better fit of the DNA into the active site of the enzyme, as compared to reactions where little or no electrolyte is present, is achieved.
To test the hypothesis as to whether Mg 2þ acts as an electrolyte with respect to the appearance of the SH jump, a separate experiment was performed where NaCl was used in place of Mg 2þ . Because Mg 2þ is needed as a cofactor for the cleavage of DNA by EcoR1 it is expected that replacing Mg 2þ with Na þ should also result in a sharp jump that we associate with EcoR1 binding to DNA; however, the SH signal should not decay because cleavage cannot occur when Mg 2þ is absent. The result of this experiment is shown in Fig. 3 , which illustrates that an electrolyte is needed to produce an SH jump and that the amplitude of the jump depends strongly on the electrolyte concentration. Specifically, at an NaCl concentration of 8.50 mM the SH signal jumps by 30% when EcoR1 is added, as compared to a jump of 9.5%, at 2 mM NaCl. These results are consistent with recent experimental and theoretical investigations of the electrostatic interactions between phosphate groups on the DNA backbone and the effect of these interactions on the binding and DNA-bending dynamics of a different restriction endonuclease, namely EcoRV (3). Additionally, the present results and interpretation are consistent with experiments that measure DNA flexibility as a function of electrolyte concentration (41) .
Time-Resolved Cleavage of DNA by EcoR1. In the presence of Mg 2þ the observed decay in the SH signal is attributed to the following processes: cleavage of the DNA, dissociation of EcoR1 from DNA, and the diffusion of the 74-bp fragment into the bulk (1, 2). In the absence of Mg 2þ the SH signal does not decay over the span of several thousand seconds (Fig. 2 and Fig. 3) . Control experiments successfully indicated that the recognition sequence is necessary for EcoR1 to cleave DNA. Inspection of Fig. 2 shows that the reaction rates are dependent on the concentration of Mg 2þ cofactor, as expected, and range from several hundred to thousands of seconds, in agreement with a range of reported timescales for similar reaction conditions (6, 10, 12, 14, 17) . Fig. 2 shows that at low Mg 2þ concentrations the SH signal measured at long times dip below the prereaction level. This result is due to the reduced size of the DNA fragment bound to the interface, which is 16 bp after the cleavage occurs, versus 90 bp before the reaction started. After cleavage, the 74-bp fragment is free in solution and is randomly oriented, and thus does not contribute to the SH signal originating from the microparticles. In contrast to the aforementioned experiments, it is seen in Fig. 2 that at higher Mg 2þ concentration the SH level reaches the intensity that was observed before the reaction was initiated, within experimental uncertainty. In other words the SH signal is essentially the same after the cleavage reaction finishes as it was before any of the DNA was cut. One might not expect the SH signal to return to the same level after the reaction has been completed because a 74-bp fragment has been cleaved from the DNA attached to the microparticle. This surprising feature is addressed in the section below.
DNA Rehybridization Equilibrium and Dynamics. The behavior of the SH signal at long times can be understood by noting that EcoR1 does not cut DNA into fragments with blunt ends (i.e., no overhanging bases), but rather cuts the DNA into fragments that can rehybridize via H-bonding and stacking interactions (44) (45) (46) (47) ; such DNA fragments are known as sticky-end pairs. The bonds in the phosphate backbone that are cleaved by EcoR1 are not reestablished, but rather base pair complementarity of the sticky ends can reestablish base pairing, which lowers the free energy of the system (44) (45) (46) (47) . To explain these seemingly anomalous results we propose that it is the equilibrium between the rehybridized DNA, 90 Ã , and the DNA fragments, namely the attached 16 bp and the free 74 bp,
The equilibrium concentrations of the rehybridized 90 Ã bp, the free 74-bp fragment and the bound 16-bp fragment are strongly dependent on electrolyte concentration because the electrolyte screens the charged fragments, which reduces the repulsive electrostatic interactions between fragments. The increased screening enables the charged DNA strands to get close enough to form the H-bonding and stacking interactions that are necessary for rehybridization (44) (45) (46) (47) . The higher electrolyte concentrations favor rehybridization whereas the lower concentrations favor separation of the two cleaved fragments. Thus, the post reaction concentration of free (74 bp) versus reattached (90 Ã ) fragments should not be thought of as a reaction end point, but rather as an equilibrium that is dependent on the electrolyte concentration. If this description is correct then perturbing the equilibrium by adding electrolyte after the reaction has completed, should result in a time-dependent return to a new equilibrium. To test this idea, NaCl was injected into the reaction cell containing a low concentration of Mg 2þ , specifically 0.2 mM Mg 2þ , after the reaction was completed at approximately 9,000 s. The effect of adding NaCl to a final concentration of 9.3 mM resulted in an immediate decrease of the SH signal that was followed by a slow recovery, Fig. 4 . The signal initially drops due to the increased electrolyte concentration, i.e., greater screening. The SH signal then recovers in time to a final SH level that is greater than the previously observed end point; specifically, it is larger by 3.4 AE 1.6%. The reason for this increase in the SH signal is that the addition of electrolytes results in a shift of the equilibrium between the separated and rehybridized fragments, which favors the rehybridized form. The time it takes to reestablish the new equilibrium condition is roughly 1,200 s. To the best of our knowledge, there have been no previous reports of real-time label-free observation of rehybridization dynamics following DNA cleavage.
In a second experiment performed in the presence of 6.1 mM Mg 2þ , the addition of Na þ did not produce an observable immediate drop nor a slow recovery in the SH signal (SI Text), because the third-order polarization contribution to the SH signal is negligible at high electrolyte concentrations. In addition, at this high electrolyte concentration the equilibrium strongly favors the rehybridized form.
Conclusions and Outlook
Time-resolved second harmonic generation spectroscopy was used to observe the binding of the restriction enzyme EcoR1 to its DNA recognition sequence, followed by cleaving the DNA into a large and small fragment, and also observed the subsequent rehybridization dynamics. A sharp increase in the SH intensity was observed upon addition of EcoR1 to the reaction vessel, which is attributed to conformational changes in the DNA that are induced by the binding of EcoR1. Specifically, the DNA is known to bend and unwind by approximately 25°in the EcoR1-DNA complex (37, 38) relative to its more rod-like conformation in the absence of EcoR1. It was found that the amplitude of the jump in the SH signal is dependent on the presence of electrolytes, which can facilitate the change in the DNA structure by shielding adjacent charges on the DNA backbone when the DNA is in the bent conformational state. The change in the structure of the DNA that contains the EcoR1 recognition sequence results in a change in the second-order polarization and simultaneously alters the static electric field, which consequently changes the SH signal. In contrast, the SH control experiments indicate the nonspecific binding of EcoR1 to DNA does not induce conformational changes to DNA. In experiments where Mg 2þ was present with recognition DNA, it was observed that Mg 2þ acts as both an electrolyte, facilitating the bending of DNA and associated binding of EcoR1, and also as a cofactor that effects the cleavage reaction rates. At lower electrolyte concentrations the cleavage of DNA with EcoR1 produced a free 74-bp DNA fragment and a 16-pb fragment that remains attached to the microparticle, which was seen in experiments where the post reaction SH signal was found to be smaller than its prereaction value. This result was expected because the quantity of DNA that remained bound had been reduced. However at higher electrolyte concentrations the SH signal at long times, within experimental uncertainty, was the same as before the binding and reaction. The explanation of this finding is that there is an equilibrium between the separated DNA fragments and the rehybridized DNA fragments. At higher electrolyte concentrations there is sufficient screening to reduce electrostatic repulsions between the fragments, which shifts the equilibrium population to the rehybridized form of DNA. To test this idea, the equilibrium was perturbed by adding NaCl after the reaction with EcoR1 was completed. A fast decrease followed by a gradual increase in the SH signal that reached an SH signal level that was larger than before adding the NaCl was observed. Following DNA cleavage, the DNA rehybridization was measured in real time and label-free.
In summary, the work reported here demonstrates the utility of time-resolved SH spectroscopy, together with biomolecule functionalized microparticles, to probe time-dependent and equilibrium biological processes noninvasively, without labels, and with high sensitivity.
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